The use of driving simulation for vehicle design and driver perception studies is expanding rapidly. This is largely because simulation saves engineering time and costs, and can be used for studies of road and traffic safety. How applicable driving simulation is to the real world is unclear however, because analyses of perceptual criteria carried out in driving simulation experiments are controversial. On the one hand, recent data suggest that, in driving simulators with a large field of view, longitudinal speed can be estimated correctly from visual information. On the other hand, recent psychophysical studies have revealed an unexpectedly important contribution of vestibular cues in distance perception and steering, prompting a re-evaluation of the role of visuo-vestibular interaction in driving simulation studies.
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Vehicle driving implies perception and control of selfmotion at a greater range of velocities than locomotion by walking. It is often considered to be a task dominated by visual information. However, it is well-established that other sensory information, such as that provided by the vestibular and PROPRIOCEPTIVE (see Glossary) channels, also contributes to the perception and control of selfmotion. Motivated by a recent renewed interest in the role and function of these non-visual sensory modalities, we aim in this review to re-evaluate the role of visuovestibular interactions in driving simulation experiments, and to assess how applicable driving simulation is to the real world for studies of vehicle dynamics or driver behaviour.
In 1938 Gibson [1] proposed a psychophysical theory of perception for automobile-driving, defining a 'terrain of field of space' for the driver, with the car considered as a tool of locomotion and the driver aiming to drive in the middle of a 'field of safe travel'. In 1950 he described the visual perception of space [2] based on visual depth, distance or orientation stimulus variables. OPTIC FLOW, one of the most important visual cues he proposed, is defined as the visual motion experienced as a result of walking or driving, and it is thought to play a dominant role in the control of heading [3] and collision detection [4 -7] . However, regarding the control of the direction of movement in natural environments (i.e. walking), there is still disagreement over whether the structure of the flow [8, 9] or the visual EGOCENTRIC DIRECTION per se [10, 11] is the dominant source of information. It is not clear either whether the same strategies used for natural locomotion apply to driving situations where displacements occur at higher velocities. Interestingly, a new point of view on these controversial issues was recently provided by experiments performed in driving simulators [12] . However, Gibson's original theory also included a definition of the perceptual field of the car itself, bringing to the driver kinaesthetic and tactile cues. These ideas were applied to driving simulation from the early 1980s [13] [14] [15] , and since then many simulator experiments have been carried out for vehicle design [16 -18] and driver perception studies [19, 20] .
Driving simulators provide most, but not all of the relevant visual cues present when driving in the real world. Importantly, optic flow resulting from the continuous movement of the textured images of all objects in the scene, is present (see Box 1). However, binocular cues, as well as MOTION PARALLAX due to the observer's head movement, are often absent in simulators. Their presence would increase the complexity, and cost, of image generation and display equipment, and would necessitate the integration of head tracking devices. Visual cues are rendered by real-time generation of 3-D images of the surrounding landscape, corresponding to the driven vehicle position in the virtual world (Box 1). The precise role of each cue for perception needs to be respected to provide a coherent representation of the world, crucial for any moving observer, but especially one driving an automobile.
Glossary
Disparity: the relative lateral displacement of the retinal images in the left and right eyes of the same object in space. It is an effective binocular cue to depth at short distances. Egocentric direction: the direction of an object in space relative to the observer. Egocentric direction is determined by retinal position, proprioceptive information about the eye, head and body position. Haptic perception: involves both tactile perception through the skin and kinaesthetic perception of the position and movement of the joints and muscles. Motion parallax: the differential motion of pairs of points as a result of their different depths relative to the fixation point and to the motion of the observer. (See Box 2). Optic flow: the dynamic pattern of information available in the optic array along a moving trajectory of viewpoints. Proprioceptive cues: information about the state of the body's motion and posture, as signaled by various systems, such as the muscle spindles, vestibular organs and including some visual components. Corresponding author: Andras Kemeny (andras.kemeny@college-de-france.fr).
Box 1. Visual and motion cueing in driving simulation
A driving simulator is a system providing a coherent multi-sensory environment for a driver to perceive and control virtual vehicle movements. The driver sits in a cockpit and activates commands (see Fig. I ). These determine the simulated vehicle motion on the basis of a vehicle dynamic model. Driver's commands and head or eye movements, vehicle position and orientation, traffic information when available, as well as other physiological measurements are recorded during the simulation session for driver behavior analysis (see Fig. II ).
Visual cueing
Visual cues are provided by an image generator, which computes in real-time the textured images of the simulated scenes. Generally, these are projected on a curved screen or one or more flat screens. Some simulators use head-mounted displays (HMD). Such configurations usually provide stereoscopic viewing and head movement tracking. However, the field of view is generally limited. It has been found that for correct speed perception, a horizontal field of view of at least 1208 is needed [a] . Although linear perspective, texture mapping and lighting are provided by most state-of-the-art driving simulators, parallax due to driver head movements, and stereopsis are rarely found, with the exception of HMD-based installations. Whereas it is generally accepted that the effectiveness of binocular convergence as a cue to absolute distance is limited to a few meters [b] , the effectiveness of binocular disparity is judged to be up to , 30 m, although this is still controversial [c] . Recent results in visual psychophysics [d] suggest that motion parallax due to observer movement can contribute to improve depth perception in driving simulation experiments.
Motion cueing
Several studies provide evidence that vestibular cues have a role in steering and speed control [e -f]. Motion cueing can be obtained thanks to a movement platform which is controlled by a set of six electromechanical linear actuators mounted in a hexapod configuration, also known as a Stewart Platform (seen in Simulation fidelity An important and often underestimated issue is simulation fidelity. When driving tasks are not the main focus of an experiment, relative perceptual fidelity, permitting only certain types of comparisons between the simulated and the real world, might be acceptable. Training, general dashboard ergonomics and driver alertness studies are examples of such driving simulation experiments, where partial simulator configurations can be efficiently used for vehicle applications or human factor studies. By contrast, absolute simulation fidelity is needed when driver behaviour is studied as a function of road, visibility conditions, vehicle or traffic characteristics. Such studies often require a careful analysis of the complete set of perceptual variables used by the driver. For example, the correct perception of 'time-headway' -the time interval between two vehicles following one another -is crucial for studies aiming to analyse driver behaviour when using adaptive cruise-control systems that regulate inter-vehicle distance.
TRENDS in Cognitive Sciences
The kind of display equipment used can also affect simulation fidelity. For example, a recent experiment that involved displaying computer generated images of the road environment on a computer monitor, suggested drivers' speed perception is greatly reduced in foggy conditions [21] . However, other studies show that a limited field of view induces poor perception of speed by the driver [22] , so conclusions derived from computer-based simulations might be unreliable. Studies of speed perception in reduced visibility conditions that lack a large field of view during experimentation might therefore be valid only in the context of driving in poor road infrastructure environments. For example, in urban areas, even under poor visibility conditions, there are many other speed perception cues in the peripheral field of view.
Another visual cue, angular declination -the horizon angle relative to a point of the ground plane (see Fig. 1 ) -was recently shown to be a strong determinant of perceived distance. Manipulating angular declination alone causes a change in perceived distance [23, 24] . For example, in an experiment we carried out in a lorry driving simulator with a large field of view [16] , we varied the simulated eye-height in a task where the lorry driver should maintain a safe distance with respect to a leading car vehicle. We observed that by increasing the simulated eye-height, the corresponding perceived (safety) distance was also increased. Moreover, for the same increment in the simulated eye-height, we observed higher travelling speeds, suggesting a reduced subjective speed perception. These findings suggest, that in a driving simulator, the incorrect calibration of driver's eye height, and the consequent visually perceived eye level, might induce biased observations of inter-vehicle distances. This could lead to unreliable results from studies of cruise-control systems, for example. By contrast, a careful analysis of drivers' perception of inter-vehicle distances as a function of visually perceived eye level, might lead to safer motor vehicles and driver aid system design.
Finally, as Gibson has already pointed out, kinaesthetic cues also strongly influence the perception of speed [1, 14, 19] . To simulate vestibular stimuli, accelerations to be perceived by the driver can be rendered by real time generation of simulator cockpit motion, following appropriate vehicle dynamics. The precise role and importance of vestibular cues remains the subject of ongoing research.
Speed and distance perception
While driving, evaluation of vehicle speed and intervehicle distance are crucial skills and constant demands. Manoeuvers such as braking, obstacle avoidance and overtaking are based on such skills. From the perspective of human perception, these skills rely on the representation of (1) self-motion in the 3-D environment, and (2) the egocentric distances (i.e. distance from an observer to a target, or in driving simulation inter-vehicle distance, for example). What are the perceptual cues used by the driver and what is their effectiveness during driving simulation experiments?
Visual cues
Of the visual cues available during locomotion, optic flow (see glossary) has been the most extensively investigated [3] . Optic flow cannot give information about absolute distance to an object and travel speed. Rather it can be used to compare spatial intervals [25] and for time measurements relative to the object and observer-the time-to-contact [6, 26] (but see also [7] ). Under certain conditions, optic flow has been shown to be a reliable cue to estimate distance of travel [27, 28] . On the one hand, because the driver's and environmental object's speeds determine velocities in the optic flow pattern, knowledge of road markings or other scale factors can help the driver make good estimates of speed from optic flow. On the other hand, psychophysical studies on motion perception have shown that observers can underestimate speed when image contrast [29] , texture [30] or luminance [31] are reduced. These same mechanisms might lead one to underestimate driving speed in foggy weather [32] or during night driving [33] . In a study carried out in a dynamic driving simulator with a large field of view [16] , we investigated subjective speed perception in the absence of dashboard information. Interestingly, this was found to be highly correlated (r ¼ 0.88) with subjective speed in real driving, and under conditions with the same velocity of optic flow, also with absolute driving speed (in both driving simulator and real road situations). Therefore, results concerning subjective speed perception in full scale driving simulators seem to be applicable to real road conditions. As we will see below, that is not true for distance perception. In natural conditions, our sensation of depth is based upon many visual cues [34] . Some are binocular, such as DISPARITY [35] , others are monocular like motion parallax. Motion parallax, generally recognized as an independent cue for perception of relative distances [36] , provides robust estimates of absolute egocentric distances when combined with extra-retinal information about the observer's self-motion (see Box 2) . In a recent series of experiments [37] , it has been shown that the central nervous system is able to combine these two types of information to account for repetitive head movements, even when they are small (approx. 5 cm). This finding suggests that the integration of these two cues is also likely to be effective for natural head movements, such as those occurring during ordinary driving.
Factors affecting effectiveness of visual cues
Under natural conditions, visual cues to depth are combined in a redundant way to elicit robust perception of 3-D space. However in a driving simulator, (1) the number of depth cues might be reduced, (2) the display parameters (e.g. image resolution, frequency, field of view) could alter the temporal and spatial depth cues, and finally (3) motion cues might be missing, or partially or poorly synchronized with visual information. Few investigators have studied the effects of these parameters on driving simulator fidelity [22] , or on driver behavior [38] . So far, there have been only limited attempts to compare perception in simulators with real driving [17 -19] . One comparative study performed in a full-scale driving simulator, in which stereoscopic view and motion parallax
Box 2. Extracting egocentric distance from motion parallax
Motion parallax is the differential image motion of two points or objects A and B due to their different distances relative to the fixation point when viewed by a laterally moving observer (Fig. I) . By contrast, image motion produced by the observer's movements is ambiguous in that it specifies distance only to a scaling factor [a -c]. The motion of each point on the retina depends on the relative position and relative motion of the object and the observer. Recent research suggests that for natural locomotion, the nervous system uses the extra-retinal information that accompanies observer movement to calibrate the retinal image motion and infer absolute distance [d -f].
In mathematical terms, using a simplified version of the LonguetHiggins and Pradzny equations [c], one can write:
Uðx; yÞ ¼ V 3 Tðx; yÞ=D where Uðx; yÞ is the horizontal image motion for the image point ðx; yÞ (e.g. the point A), Tðx; yÞ is the normalized 3-D velocity (i.e. the observer movement), and V a coefficient defining its amplitude. If the nervous system is able to estimate such observer movement from sensory information, then the measure of the retinal motion Uðx; yÞ is sufficient to retrieve distance information as: were not correlated with driver self-motion, showed that drivers underestimated distances (to a leading vehicle), when compared with driving on a real road [16] . A possible interpretation of this is that the motion parallax arising from observer movement, which has been previously reported to be a crucial cue to absolute distance in near space, might be necessary for depth estimation in driving simulators. Meanwhile, the precise role of motion parallax for efficient distance estimation in driving simulation experiments remains the subject of ongoing research.
Steering and vehicle speed control Heading Although optic flow is considered one of the most important types of visual information used for driving and for everyday locomotion [2, 3] , it can be ambiguous. Optic flow along the retina depends on eye and head movements [39] and different eye-head and body motion can produce very similar flow patterns. To clarify this issue, experiments were carried out to determine the role of extra-retinal information (i.e. vestibular, proprioceptive and efference copy) in disambiguating the interpretation of such complex optic flow patterns. Results showed that extra-retinal cues are crucial for correct interpretation of flow information and for heading control [40] (but also see [9, 41] ). However, it is also important to note, that during natural locomotion (and driving) we tend to fixate points of the forthcoming trajectory. These active gaze strategies might also play an important role in heading control [42 -44] . In fact, several authors have proposed that the guidance of locomotion can be achieved using purely visual egocentric direction information, without using optic flow [45 -47] . Alternatively, a driver might use active gaze strategies to simplify the analysis of optic flow [48, 49] . This latter hypothesis led to the formulation of a theoretical model of heading based on optic flow and visual egocentric direction cues [11] . These two sources of information are redundant in the driver's visual world, so, if simultaneously present, either one could enable a driver's guidance towards a given target [50] (but also see [51] ). However, if road markings are missing or difficult to perceive, an optic flow-based strategy might be more robust for efficient heading control. Conversely, if the road edges are perceptible, visual egocentric direction cues (see glossary) could alone provide sufficient information.
Influence of extra-visual cues in steering
Of the different driver strategies that have been proposed for steering [52] [53] [54] [55] [56] , a model based on visual egocentric direction cues has been the subject of recent study in driving simulation experiments [12] . However, earlier studies have shown that the absence of physical motion in a driving simulator modifies the driver's reactions [19] . Moreover, computational models of self-motion perception [57] and studies performed on a moving-base driving simulator indicate that driver's control strategies on curved roads make use not only of visual, but also of extra-visual information, such as vestibular (see Box 3) and proprioceptive cues [14, 58] . So, on the basis of models proposed in earlier studies [58, 59] , it has been suggested that these cues are used by the driver to control steering and regulate speed. Indeed, experiments performed in moving-based driving simulators show that drivers take wider turns when lateral cues are present, compared to the way they steer under conditions in which only visual information is available [60] . The role of vestibular cues in perception of natural self-motion have been well studied [61 -66] . It appears that to completely understand vehicle driving, the precise role of vestibular and other HAPTIC and KINAESTHETIC cues in steering and speed control, especially when driving on curved roads, must now be investigated further in motion-based driving simulation experiments (see also Box 4).
Conclusion
Driving simulation can provide important information for vehicle design and thanks to its inter-disciplinary nature, it can foster basic and applied research, opening new directions of investigation in the study of multi-sensory integration for self-motion perception. Driving simulation experiments have led to novel interpretations of the role of egocentric direction, and vestibular cues in steering and speed perception respectively. For accurate perception of vehicle speeds and distances, simulation studies recommend the use of a large field of view, and the rendering of motion parallax due to observer's self-motion. Such results, reinforced by the recent psychophysical studies reviewed here, demonstrate how driving simulators can lead to a more thorough understanding of human perception and control of self-motion, especially when speeds and accelerations are higher than in natural locomotion.
Finally, such applied psychophysics research is of direct benefit to society, most notably in road safety studies.
